EV 272754933 US 



1 



FSU 10547.1 
PATENT 



SUPERCONDUCTING LEVITATION MAGNET 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates generally to superconducting levitation magnets and, 
more particularly, to a cost effective apparatus and method for levitating a diamagnetic material 
using a magnetic field produced by a superconducting magnet. 

[0002] The use of a magnetic field to levitate a diamagnetic material is known in the 
prior art. This type of technology has been used to levitate objects such as water, frogs, golf 
balls, peanuts, etc. Among other things, levitation magnets can be used to study the effects of 
microgravity on plant or crystal growth, without traveling in space. 

[0003] There are generally three types of magnets available for diamagnetic levitation: 
resistive magnets, superconducting magnets, and hybrid magnets (i.e., part resistive and part 
superconducting). The cost to produce and operate such conventional levitation magnets, 
however, is high. Presently available resistive magnets cost roughly a half a million dollars to 
produce and operate and they consume tens of megawatts of power during operation. Presently 
available hybrid magnets cost a few million dollars to provide very uniform levitation fields. 
Known superconducting magnets are a less expensive solution, but still require a capital cost of 
around one hundred and fifty thousand dollars and at least fairly modest operating costs. 
Moreover, due to their size, a person may have difficulty repositioning such magnets without 
assistance. Examples of such levitation applications are described in Of Flying Frogs and 
Levitrons, M.V. Berry and A.K. Geim, EuR. J. Phys. 18 (1997), pgs. 307-313 znA Diamagnetic 
Levitation: Flying Frogs and Floating Magnets, M.D. Simon and A.K. Geim, J. APPL. Phys., 
Vol. 87, No. 9, 1 May 2000, pgs. 6200-6204, the entire disclosures of which are incorporated 
herein by reference. 

[0004] As recognized by the inventors hereof, a cost effective apparatus and method that 
levitates diamagnetic material using a superconducting magnet that requires less material and 
less space, costs less, and that is more user fiiendly than traditional levitation magnets, is needed. 
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SUMMARY OF THE INVENTION 

[0005] The inventors hereof have designed and developed an apparatus and method for 
levitating a diamagnetic material using a superconducting magnet that overcomes one or more 
deficiencies in the prior art. A magnet embodying aspects of the invention is smaller and less 
expensive to produce and operate than existing levitation magnets. In general, the magnetic 
fields of three concentrically positioned superconducting coils having generally parallel axes and 
defining a bore of the magnet combine to produce an operational magnetic field to levitate a 
diamagnetic material positioned inside the bore of the magnet. 

[0006] In accordance with one aspect of the present invention, a superconducting magnet 
for levitating a diamagnetic material includes a first superconducting coil having a central axis 
that produces a magnetic field when energized with current. A second superconducting coil is 
positioned concentrically within the first coil and has a central axis generally parallel to a central 
axis of the first coil. The second coil also produces a magnetic field when energized with 
current. A third superconducting coil is positioned concentrically within the second coil and has 
a central axis generally parallel to the central axes of the first and second coils. The third coil 
produces a magnetic field when energized with current and defines a bore of the magnet. The 
magnetic fields of the first, second and third coils combine to produce an operational magnetic 
field for levitating the diamagnetic material inside said bore. 

[0007] In accordance with another aspect of the present invention, a method for 
producing a magnetic field for levitating a diamagnetic material includes positioning a first 
superconducting coil concentrically around a second superconducting coil so that their axes are 
generally parallel. The first and second coil each produce a magnetic field when energized with 
current. The method further includes positioning a third superconducting coil concentrically 
within the second coil. The third coil has a central axis generally parallel to the central axes of 
the first and second coils and defines a bore. The third coil also produces a magnetic field when 
energized with current. The method fiirther includes applying currents to the first, second and 
third coils to produce magnetic fields wherein the magnetic fields of the first, second and third 
coils combine to produce an operational magnetic field within the bore for levitating the 
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diamagnetic material in the bore. Finally, the method includes positioning the diamagnetic 
material within the bore to levitate the diamagnetic material in the bore. 
[0008] Other features and advantages of the present invention will be in part apparent 
and in part pointed out hereinafter. 

BRIEF DESCRPTION OF THE DRAWINGS 

[0009] FIG. 1 A illustrates an apparatus having three concentric superconducting 
magnetic coils according to a preferred embodiment of the invention. 

[0010] FIGS IB and 1 C are data tables showing coil and magnetic field data according to 
preferred embodiments of the invention. 

[0011] FIG. 2 illustrates an apparatus having three concentric superconducting magnetic 
coils according to another preferred embodiment of the invention. 

[0012] FIG. 3 is an exemplary flow chart illustrating a method for producing a magnetic 
field for levitating a diamagnetic material according to one preferred embodiment of the 
invention. 

[0013] Corresponding reference characters indicate corresponding parts throughout the 
drawings. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
[0014] Referring now to the drawings, an apparatus according to one preferred 
embodiment of the present invention is shown in FIG. 1 A and is designated generally by 
reference character 10. Shown in a partial cross-sectional and view, a first superconducting coil 
12 has a central axis 14, a mid-plane 15 and produces a magnetic field when energized with 
current. The first coil 12 preferably comprises a plurality of turns of NbTi superconducting wire. 
A second superconducting coil 16 is positioned within the first coil 12 and concentrically 
adjacent the first coil 12. A third superconducting coil 18 is positioned within the second coil 16 
and concentrically adjacent the second coil 16. The third coil 18 defines a central bore 20 of the 
apparatus 10. The second 16 and third 18 coils each have a central axis generally parallel to the 
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central axis 14 of the first coil 12. As shown, the central axes are substantially coincident. The 
second 16 and third 18 coils also each produce a magnetic field when energized with current. 
The second 16 and third 18 coils preferably comprise a plurality of tums of NbaSn 
superconducting wire. 

[0015] In operation, a current source (not shown) energizes coils 12, 16, and 18 in a 
manner known to those skilled in the art to produce a magnetic field at each coil. The magnetic 
fields of the coils 12, 16, and 18 combine to produce an operational magnetic field inside the 
bore 20 of the apparatus 10 for levitating a diamagnetic material X, such as water, within the 
bore 20. As shown in the illustrated embodiment of FIG. 1 A, the third coil 18 preferably has an 
inner diameter Di of approximately 30 millimeters and the first coil 12 preferably has an outer 
diameter D2 of approximately 240 millimeters. In this embodiment, the maximum operational 
magnetic field is approximately 1 1.7 T. 

[0016] Referring now to FIG. 1 B, a first data table 25 illustrates optimization parameters 
for each coil of apparatus 10 according to preferred embodiments of the invention. The data 
table 25 includes the following optimization parameters for each coil: inner radius in meters 
al(m); outer radius in meters a2(m); coil height in meters H(m); wire current in amperes 1(a); 
number of tums in coil n(t); coil current density in amps per square meter J(A/m^2); ampere 
meters of wire A*m; central magnetic field contribution BO in Tesla; magnetic field at inner 
radius b(al); hoop stress in megapascals Sh(MPa); and total coil current in amperes Itot(A). For 
example, the cell located at row Rl and column CI in data table 25, hereinafter referred to as 
RlCl, provides that an optimized inner radius al(m) of the first coil is .0520 meters (i.e., 52 
millimeters). As another example, the cell located at R1C2 in data table 25 provides that the 
optimized outer radius, a2, of the first coil is .120 meters (i.e., 120 millimeters). Because the 
optimized inner and outer radii are known, the optimized inner and outer diameters for each coil 
are also known. For instance, the optimized inner diameter of the first coil 32 is 104 millimeters 
(i.e., 2*52 mm), and the outer diameter of the first coil 32 is 240 millimeters (i.e., 2*120 mm). 
In other words, the width of the magnet D2 is equal to 240 millimeters. In this example, bore 
width Di is equal to 30 millimeters (i.e., 2*15 mm). Table 25 also includes the central magnetic 
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field contribution from each coil. As shown in table 25, the first coil 12 contributes 6.677 T (see 
R8C1), the second coil 16 contributes 2.295 T; and the third coil 18 contributes 2.682 T (see 
R8C3). The total operational magnetic field (1 1.7 T) can be determined by summing the central 
magnetic field contribution of each of the coils 32, 36, 38. 

[0017] Referring now to FIG. 1 C, a second data table 27 illustrates exemplary magnetic 
field and gradient calculations obtained at various positions within the bore 20 of the magnets 
according to preferred embodiments of the invention. More specifically, data table 27 illustrates 
magnetic field and gradient calculations that will be obtained at various positions within the bore 
20 relative to the central axis 14, and the mid-plane 15 of the coils of the magnet according to a 
preferred embodiment. Data table 27 includes the following data: position above the mid-plane 
of coil in meters z (m); position off the axis of the coil in meters R (m); radial field component 
in Tesla Br (T); axial field component in Tesla Bz (T); total field component in Tesla Bt (T); 
radial field derivative in Tesla per meter dBz/dr (T/m); axial field derivative in Tesla per meter 
dBz/dz (T/m); axial volumetric levitation force density on water in Newtons per cubic meter Fz 
(N/m3); and radial volumetric magnetic force density on water in Newtons per cubic meter Fr 
(N/m3). For example, at a position .01 50 meters above the mid-plane 1 5 (see cell RlCl in table 
27) and along the central axis 14 ( i.e., 0.0 meters from the central axis 14) (see cell R1C2 in 
table 27) the calculated total magnetic field component (Bt (T)) is 10.8441 T (see cell R1C5 in 
table 27). 

[0018] An apparatus according to another preferred embodiment of the present invention 
is shown in FIG. 2 and is designated generally by reference character 30. Shown in a partial and 
cross-sectional view, a first superconducting coil 32 has a central axis 34 and a mid-plane 35 and 
produces a magnetic field when energized with current. A second superconducting coil 36 is 
positioned within the first coil 32 and concentrically adjacent the first coil 32. A third 
superconducting coil 38 is positioned within the second coil 36 and concentrically adjacent the 
second coil 36. The third coil 38 defines a central bore 40 of the apparatus 10. The central axes 
of second 36 and third 38 coils are generally coincident with the central axis 34 of the first coil 
32, and the mid-planes of the second 36 and third 38 coils are generally coincident with the mid- 
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plane 35. The second 36 and third 38 coils also each produce a magnetic field when energized 
with current. In operation, a current source (not shown) energizes the coils 32, 36, and 38 to 
produce a magnetic field at each coil. The magnetic fields of the coils combine to produce an 
operational magnetic field inside the bore 40 of the apparatus 30 for levitating a diamagnetic 
material, such as water, in the bore 40. Although some existing magnets have nested coils, such 
magnets are designed for maximum field, rather than designed to provide sufficient levitation 
force to levitate water and the like. Frequently, magnet designers modify high field magnets to 
provide levitation by inserting additional coils. This is not an efficient process. In contrast, the 
magnet according to the present invention is designed specifically for levitation. As a result, the 
final product is more efficient because it uses less material, has lower cost, is more compact, and 
is more user fiiendly than traditional levitation magnets. 

[0019] Referring fiirther to FIG. 2, the point of levitation for a diamagnetic material 
within an operational magnetic field produced according to the invention is shown. In FIG. 2, 
the apparatus is configured to produce a levitation point within the magnetic field that allows the 
diamagnetic material to be manipulated and/or observed through a microscope while it is 
levitating. The apparatus 30 preferably produces a levitation point within the bore 40 at a 
distance Ld approximately 15 mm above a field center 39 of the magnet. In this case, the field 
center 39 corresponds to the intersection between the central axis 34 and a mid-plane 35. A 
cryostat 42 houses apparatus 30 and controls the temperature of coils 32, 36, and 38. 
[0020] As described above, apparatus 1 0 (and apparatus 30) can be built and optimized at 
a cost (including operating costs) significantly lower than prior art levitation magnets because it 
uses less material, is more compact, and more user fiiendly than traditional levitation magnets. 
For example, the height of the largest coil of a levitation magnet according to the present 
invention is about 70 mm while competing systems may be several hundred millimeters tall. The 
lower volume of wire imphes lower material, tooling, and labor costs. Moreover, the mass and 
volume of the diamagnetic material X that can be levitated using the apparatus 10, 30, however, 
is substantially smaller than that levitated by prior art levitation magnets. For example, 
apparatus 10, 30 can levitate a mass of material having a diameter of approximately 2 
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millimeters whereas the more expensive prior art levitation magnets are capable of levitating a 
mass of material having a diameter of 20 millimeters. The object of producing a levitation 
magnet at dramatically reduced costs is achieved, however, by the present invention. 
[0021] Referring now to FIG. 3, a flow chart illustrates a method for producing a 
magnetic field for levitating a diamagnetic material according to one preferred embodiment of 
the invention. At 302, a first superconducting is positioned concentrically around a second 
superconducting coil so that there central axes are generally parallel. A third superconducting 
coil is concentrically positioned within the second coil at 304. The third coil has a central axis 
generally parallel to the central axes of the first and second coils and defines a bore. At 306, 
each coil is energized with a current and each produces a magnetic field. The magnetic fields of 
the first, second and third coils combine to produce an operational magnetic field (e.g., 1 1.7 T) 
within the bore for levitating the diamagnetic material in the bore. A diamagnetic material such 
as water is positioned within the bore and levitated at 308. 

[0022] The applications of use for the cost effective levitation magnet disclosed herein 
include using the levitation magnet to test experiments on earth prior to committing to the cost of 
space-based experiments on a space shuttle or space station. It can also be used to grow high 
purity protein crystals on earth for use in pharmaceutical development. The low cost levitation 
magnet would also be ideal for demonstrating magnetic levitation in science museums and 
schools, where the cost of prior art levitation magnets would be prohibitive. 
[0023] When introducing elements of the present invention of the preferred embodiments 
thereof, the articles "a," "an," "the," and "said" are intended to mean that there are one or more of 
the elements. The terms "comprising," "including," and "having" are intended to be inclusive 
and meant that there may be additional elements other than the listed elements. 
[0024] In view of the above, it will be seen that the several objects of the invention are 
achieved and other advantageous results attained. 

[0025] As various changes could be made in the above constructions and methods 
without departing fi"om the scope of the invention, it is intended that all matter contained in the 
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above description and shown in the accompanying drawings shall be interpreted as illustrative 
and not in a limiting sense. 



